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Abstract
Black hole X-ray binaries, binary systems where matter from a companion
star is accreted by a stellar mass black hole, thereby releasing enormous
amounts of gravitational energy converted into radiation, are seen as strong
X-ray sources in the sky. As a black hole can only be detected via its
interaction with its surroundings, these binary systems provide important
evidence for the existence of black holes. There are now at least twenty cases
where the measured mass of the X-ray emitting compact object in a binary
exceeds the upper limit for a neutron star, thus inferring the presence of a
black hole. These binary systems serve as excellent laboratories not only
to study the physics of accretion but also to test predictions of general
relativity in strongly curved space time. An understanding of the accretion
flow onto these, the most compact objects in our Universe, is therefore of
great importance to physics.
We are only now slowly beginning to understand the spectra and vari-
ability observed in these X-ray sources. During the last decade, a framework
has developed that provides an interpretation of the spectral evolution as a
function of changes in the physics and geometry of the accretion flow driven
by a variable accretion rate.
This doctoral thesis presents studies of two black hole binary systems,
Cygnus X-1 and GRS 1915+105, plus the possible black hole candidate
Cygnus X-3, and the results from an attempt to interpret their observed
properties within this emerging framework. The main result presented in
this thesis is an interpretation of the spectral variability in the enigmatic
source Cygnus X-3, including the nature and accretion geometry of its so-
called hard spectral state. The results suggest that the compact object in
this source, which has not been uniquely identified as a black hole on the
basis of standard mass measurements, is most probably a massive, ∼ 30M,
black hole, and thus the most massive black hole observed in a binary in
our Galaxy so far. In addition, results concerning a possible observation
of limit-cycle variability in the microquasar GRS 1915+105 are presented
as well as evidence of ‘mini-hysteresis’ in the extreme hard state of Cygnus
X-1.
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1 Introduction to X-ray/black hole binaries
About half of all the stars in the night sky that appear to the naked eye
as single stars are in fact two stars or more. If one were to look at such a
star through a telescope, in some cases, the point of light could be resolved
into two stars gravitationally bound to each other in a binary system. Most
of these binary systems are, however, too tight to be resolved even by our
best telescopes, and the presence of more than one star is only inferred by
a variable light curve as the two stars eclipse each other or by the periodic
frequency shift of spectral lines. If the stars are very close, with a separa-
tion of the order of their respective radii, their effect on each other becomes
dramatic, in a way that will profoundly change their evolution. The gravi-
tational pull will distort the shape of the stars and ultimately result in mass
transfer from one star to the other.
If one of the stars in such a binary system is a compact object, such as a
neutron star or a black hole, matter transferred onto it from its companion
star will be heated up to very high temperatures as it falls down the deep
gravitational well and emit high energy X-ray radiation. These so-called
X-ray binaries are, after the sun, the brightest sources in the X-ray sky.
Today there are more than 300 X-ray binaries discovered in our Galaxy
(Liu, van Paradijs & van den Heuvel 2006, 2007), and many more in nearby
galaxies. The most common are the so-called low mass X-ray binaries or
LMXBs. These systems contain a neutron star or a black hole accreting
from a low-mass main sequence or evolved star. Their orbital periods range
from hours to days. Mass transfer takes place through the inner Lagrangian
point as the donor star fills its Roche lobe. The accretion flows onto a black
hole or neutron star are similar as long as the neutron star is not highly
magnetised. The presence of a black hole can be determined by measuring
the mass of the compact object using radial velocity curves. If the measured
mass exceeds 3M (where M ' 2 × 10
33g) – the maximum possible mass
for a neutron star, the object is classified as a black hole candidate. Most
LMXBs are transients, meaning that they go through periods of a high
mass-transfer rate where they emit strong X-ray emission, interspersed by
periods of quiescence when they fade from our view. The timescale between
outbursts range from less than a month up to ten years or more.
The other main class of X-ray binaries are the high mass X-ray binaries
or HMXBs. In these systems, the donor is a massive star with huge mass-loss
in the form of a strong stellar wind. The compact object accretes from this
wind. All known black-hole HMXB systems are persistent X-ray sources.
Orbital timescales are days to weeks. There are currently no known HMXB
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containing a low-magnetic field neutron star. The reason for this is that
these systems are young (as indicated by their high-mass companions) and
their lifespans are not long enough for the magnetic field, with which neutron
stars are born, to have decayed. Most HMXBs containing neutron stars thus
belong to the sub-class of highly magnetised accreting pulsars, and will not
be discussed further in this work. This leaves only one confirmed (by mass
measurements) HMXB containing a black hole in our Galaxy (Cyg X-1), and
a few more in the Large Magellanic Cloud. Many of the ultra-luminous X-
ray binaries discovered in other galaxies may belong to the class of HMXBs.
Some of the X-ray binaries have radio jets. These are beam-like struc-
tures extending far away from the compact object, on one or both sides, in
a way similar to the distant quasars and AGN, Active Galactic Nuclei. The
X-ray binaries where jets have been directly imaged are sometimes there-
fore referred to as ‘microquasars’. (For a review of radio observations and
jet imaging in X-ray binaries, see e.g. Hjellming & Han 1995; Fender, Bell
Burnell & Waltman 1997.)
1.1 Observations of X-ray binaries
X-ray binaries emit a significant part of, and in the case of LMXBs the
bulk of, their radiation as X-rays (0.01–20 nm) with spectral tails some-
times continuing into the regime of γ-rays (< 0.01 nm). They are however
observed throughout the whole electromagnetic spectrum. The compan-
ion stars are observed at optical (400–700 nm), infrared (1–1000 µm) and
sometimes ultraviolet (20–400 nm) wavelengths, depending on their spectral
type. The jet-sources or microquasars are strong radio (>1 mm) emitters.
Sometimes outflows and winds are themselves strong infrared emitters. In
some systems, there have been claims of detection of radiation and particles
of ultra-high energies, possibly produced by interaction of the jets with the
surrounding stellar wind.
X- and γ-rays are observed with telescopes on board observatories in
space. The most influential to the study of X-ray binaries in later years
has perhaps been the Rossi X-ray Timing Explorer or RXTE satellite that
since 1996 has provided an enormous wealth of data from a wide range of
X-ray objects in the sky. It carries an All Sky Monitor (ASM, Levine et
al. 1996), that every day covers the whole sky several times and in so doing
provides a long baseline for monitoring X-ray sources, including all known
bright X-ray binaries, in addition to discovering new ones. Also on board is
the Proportional Counting Array (PCA, Jahoda et al. 1996) and the High
Energy X-ray Timing Experiment, (HEXTE, Rothschild et al. 1998) that are
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used for pointed observations and give both spectral and timing information.
Other instruments that collected data used in this thesis are the Burst and
Transient Experiment (BATSE, Fishman et al. 1989) on board the Compton
Gamma-Ray Observatory (CGRO, 1991–2000), and the three X- and γ-ray
instruments: the Joint European X-ray monitor (JEM-X, Lund et al. 2003),
the imager (IBIS/ISGRI, Di Cocco et al. 2003) and the spectrometer (SPI,
Vedrenne et al. 2003) on board the International Gamma-Ray Astrophysics
Laboratory, INTEGRAL. Radio data used in this thesis are from the Ryle
Telescope, Mullard Radio Astronomy Observatory, University of Cambridge
(www.mrao.cam.ac.uk).
1.2 Thesis outline
In the remainder of this Chapter, three individual sources, Cygnus X-1,
Cygnus X-3 and GRS 1915+105, which were all studied in this thesis work,
will be introduced. In Chapters 2–4 I will briefly discuss the accretion pro-
cess and properties of the accretion flow onto low-magnetic field neutron
stars and black holes, based on available literature in the field. In Chapter
5, an interpretation of the observed spectral variability in these sources as
developed during the last decade will be outlined so as to provide a frame-
work for the results in this thesis. In Chapter 6 the main results from the
original publications are presented and discussed in the context of this frame-
work. In Chapter 7, I summarise my conclusions and discuss some future
prospects. Chapter 8 gives a short summary of the original publications,
which are all included in Appendix.
1.3 Cygnus X-1
Cygnus X-1 is probably the best studied X-ray binary and often quoted as
the archetypical stellar size black hole. It is a persistent source with an
X-ray luminosity of about 1037 − 1038 erg/s. Its relative proximity, 2 kpc,
makes it one of the brightest objects in the X-ray sky (apparent brightness
in hard X-rays). It was discovered in 1965 (Bowyer et al. 1965) and was the
first X-ray source to be identified with a binary system in which the X-ray
emission results from mass transfer onto a compact object (Bolton 1972;
Webster & Murdin 1972). Since the measured mass function indicated a
compact object with a mass exceeding 3M, Cyg X-1 is often referred to
as the first observational evidence for the existence of black holes. It is still
the only HMXB containing a confirmed (by mass measurements) black hole
candidate in our Galaxy. Depending on the assumed inclination and mass
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of the secondary star, estimates for the mass of the black hole vary between
∼ 10M (Herrero et al. 1995) and as high as 20M (Zio lkowski 2005). Mass
transfer takes place via a focused stellar wind from the blue supergiant
companion star. The orbital period is 5.6 days (Gies et al. 2003). Models
of the accretion flow onto a black hole, the respective emission regions and
connection to the observed spectral variability have been largely developed
based on observations of Cyg X-1, which serves as a sort of ‘reference’ and is
often used for comparison when studying other less well understood sources.
1.4 Cygnus X-3
Cygnus X-3 is also one of the brightest X-ray binaries, discovered already
40 years ago (Giacconi et al. 1967), extensively studied, but still poorly un-
derstood and usually referred to as a ‘peculiar source’. The identification of
the donor as a Wolf-Rayet star (van Keerkwijk et al. 1992) classifies it as a
HMXB, despite its typical low mass binary period of 4.8 hours (Parsignault
et al. 1972). It shows signs of unusually strong and complex absorption, a
consequence of the whole system being enshrouded in the wind of its com-
panion Wolf-Rayet star. The problem in separating wind features from those
arising in the photosphere of the companion makes determinations of radial
velocity difficult, hence the masses of the components remain uncertain and
the nature of the compact object unknown. Published results range from a
neutron star of 1.4M (Stark & Saia 2003) to a 17M black hole (Schmutz,
Geballe & Schild 1996, see further discussion in Section 6.6.1). The mass of
the companion is equally uncertain. Early claims of a detection of a 12.6 ms
pulsar signal in γ-rays (Chadwick et al. 1985), which would serve as strong
evidence for a neutron star in the system, were never confirmed. Numerous
claims of the detection of Cyg X-3 at ultrahigh energies made the source
famous in the 1980s. These detections also remain, however, unconfirmed
(see review by Bonnet-Bidaud & Chardin 1988). Adding to its peculiarity,
Cyg X-3 is the strongest radio source associated with an X-ray binary, dis-
playing huge flares (Gregory et al. 1972) and relativistic jets that have been
imaged on several occasions (Geldzahler et al. 1983; Spencer et al. 1986;
Molnar, Reid & Grinlay 1988; Schalinski et al. 1995; Mart´ı et al. 2000; Mio-
duszewski et al. 2001). The system is located at a distance of 9 kpc (Dickey
1983, assuming 8 kpc for the distance to the galactic centre; Predehl et al.
2000), close to the Galactic plane.
Cyg X-3 may represent a short-lived transitional phase of binary evo-
lution that will be the fate of massive X-ray binaries in general (van den
Heuvel & de Loore 1973; Tutukov & Yungelson 1973). An understand-
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Figure 1.1: An ISGRI 20–40 keV mosaic image showing Cyg X-1 (left), Cyg X-3
(center) and SAX J2103.5+4545 (right). From Paper I, reprinted with permission
ing of its behaviour may therefore have broad implications for the study
of HMXBs in general. Eventually, the Wolf-Rayet star will explode in a
supernova, or possibly even in a gamma ray burst. If the system is not
disrupted in the explosion, a binary pulsar or a double black hole system
may then be formed. Figure 1.1 shows a mosaic image from observations by
INTEGRAL/IBIS/ISGRI of the Cygnus region in December 2002. Cyg X-1,
Cyg X-3 and SAX J2103.5+4545 are clearly visible.
1.5 GRS 1915+105
GRS 1915+105 was originally discovered as a hard X-ray source with the
WATCH all-sky monitor on board the GRANAT satellite (Castro-Tirado,
Brandt & Lund 1992) and remains the intrinsically brightest black hole X-
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ray binary in our Galaxy with L in the range (0.5 − 5) × 1039 erg/s (Done,
Wardzin´ski & Gierlinski 2004, hereafter DWG04) at a distance of 11 kpc
(Fender et al. 1999). It became famous in 1994 as the first Galactic jet source
showing apparent superluminal motion and is an archetype ‘microquasar’.
It is a LMXB, and the donor star is a low mass star of type K-M III (Greiner
et al. 2003). The orbital period is 33.5 days (Harlaftis & Greiner 2004). The
mass of the black hole was measured by Harlaftis & Greiner (2004) to be
14 ±4.4M. GRS 1915+105 displays dramatic X-ray variability and shows
signs of unusually high accretion rates.
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2 The power of accretion
The strong X/γ-ray emission observed from the X-ray binary systems re-
quires a powerful mechanism of producing high energy emission. This mech-
anism is provided via accretion – the accumulation of matter or gas onto
an object under the influence of gravity. As it turns out, the extraction of
gravitational potential energy from material which accretes onto a compact
object is the most efficient way we know today of converting rest mass energy
into radiation, and far more efficient than nuclear energy generation. For a
body of mass M and radius R, the gravitational potential energy released
by the accretion of a mass m on to its surface is (e.g. Frank, King & Raine
2002, hereafter FKR02)
∆Eacc =
GMm
R
(2.1)
where G is the gravitational constant. The efficiency of the energy conversion
is strongly dependent on the ratio M/R, or the compactness of the object
onto which matter is being accreted. As an example accretion of material of
mass m onto a solar mass neutron star with R ∼ 10 km would yield about
20 times more energy than nuclear burning of the same mass. For accretion
onto a ‘normal’ body, like the sun (M = M and R = R ' 7 × 10
10cm),
nuclear burning will instead be more effective by a factor of several thou-
sand (FKR02). Accretion is therefore only important as a source of energy
when considering compact objects such neutron stars, black holes and white
dwarfs. A black hole, despite its higher compactness, is however no more
efficient in the conversion of gravitational potential energy to radiation than
a neutron star with a similar mass, despite its smaller radius. The reason
for this is that the lack of a hard surface at its limiting radius allows much
of the accreted energy to be advected into the black hole rather than be-
ing radiated away. The exact efficiency of energy conversion to radiation
in accretion onto black holes is not well known and is likely to vary signif-
icantly depending on the physics and geometry of the accretion flow (see
next chapter).
For a given value of the compactness M/R, the radiated power or lu-
minosity of an accreting system depends on the rate M˙ at which matter is
being accreted. Assuming that all the kinetic energy of the infalling matter
is converted to radiation at the stellar surface,
L =
GMM˙
R
. (2.2)
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2.1 The limiting luminosity
At high luminosities accretion may be limited by the outward momentum
transferred from the radiation to the accreting material by scattering and
absorption processes and the gravitational force balanced by an outward
radiation pressure. In the case of steady spherically symmetric accretion
this leads to a limiting luminosity known as the Eddington luminosity,
LE =
4piGMmpc
σT
(2.3)
where M is the mass of the compact object, mp the mass of a proton and
σT the Thomson cross section.
Assuming the material to be composed of fully ionized hydrogen, which
is often a good approximation in the case of normal cosmic abundances,
LE ' 1.3 × 10
38(M/M) erg
−1 s−1. For evolved stars containing little
hydrogen such as for example the donor Wolf-Rayet star in Cyg X-3, LE '
2.5×1038(M/M) erg
−1 s−1. Since LE is a function of mass of the accreting
object, sources with different masses can be directly compared in terms of
their Eddington luminosity. In many places in this thesis luminosities will
be quoted as fractions or percentage of LE rather than given in the actual
numerical values.
8
3 Accretion solutions
3.1 The Shakura-Sunyaev disc
When material passes through the inner Lagrangian point in a Roche-lobe
overflow binary, or alternatively is captured inside the accretion cylinder in a
wind accreting system, it possesses some amount of specific angular momen-
tum that must be lost before the matter can be accreted. An effective way to
achieve this is for the material to form an accretion disc around the accret-
ing compact object, where angular momentum can be transported outwards
as the material itself spirals inward. Such accretion discs are observed in all
kinds of situations where matter is being accreted, e.g. in planet formation.
Only the accretion discs around compact objects can however serve as the
powerful converters of energy to radiation as described in Chapter 2. The
exact structure and stability properties of accretion discs have been the sub-
ject of intensive research since the first interpretations of X-ray sources as
accreting binary systems in the late 1960s.
As long as the disc flow is confined to the orbital plane, and the so-
called ‘thin disc approximation’ is valid, the disc can be regarded as a two-
dimensional gas-flow. The accretion solution for a thin disc was worked out
in the early 1970s (Shakura & Sunyaev 1973). Despite its simplicity, the
model has been very successful and has allowed a rather elaborate theory to
be developed that in many cases seems sufficiently accurate to explain obser-
vations of X-ray binary systems. The assumption is that the gravitational
potential energy from the infalling matter is converted to heat by viscous
stresses in the disc. The exact nature of these viscous stresses is poorly
understood. In the classical solution by Shakura & Sunyaev (1973), a sim-
ple viscosity parameterization is adopted, where all uncertainties about the
viscosity process are isolated in one parameter, the α parameter. In their
so-called α-prescription, the turbulent viscosity ν is defined as
ν = αcsH, (3.1)
where cs is the sound speed in the disc and H is the disc scale height. The
advantage of this formalism is that analytic solutions can be found for the
structure of thin discs in terms of one single parameter describing the viscos-
ity. These solutions are often referred to as α-discs. As it turns out, many of
the properties of thin discs are only weakly dependent on the α-parameter,
in particular the emitted spectrum (see next chapter) and the α-prescription
has allowed a semi-empirical way of estimating the magnitude of viscosity by
a comparison of theory and observation, without knowledge of the physics of
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viscosity. Only recently, an understanding of the physical origin of the vis-
cosity has begun to develop and detailed numerical magnetohydrodynamic
simulations can start to give answers as to how viscosity works in reality
and provide more and more physical models. A strong candidate for the
origin of the viscous stresses in accretion discs is the magnetic rotational
instability, MRI, a self-sustaining dynamo process (see a review by Balbus
2005 and references therein as well as some discussion about the agreement
of the predictions of MRI with observations in the recent review by Done,
Gierlin´ski & Kubota 2007, hereafter DGK07).
For the disc to remain stable, it has to be able to respond to and dampen
out perturbations introduced by changes in temperature and accretion rate
caused by external conditions such as changes in the mass transfer rate.
The time it takes for the disc to reconfigure as a response to a change in the
accretion rate is called the viscous timescale
tvisc ∼ α
−1(H/R)−2tdyn (3.2)
where R is the disc radius and tdyn the dynamical timescale in the disc
(often assumed to be the Keplerian, see further discussion in Section 6.8 and
Paper V). If a small change in the accretion rate can be stopped from causing
further increase and runaway by a re-configuration of the disc, the disc is said
to be viscously stable. The disc is also thermally stable if a small increase
in temperature will not be allowed to grow and cause a further increase
in temperature before it is balanced by some cooling process. Thermal
perturbations in the disc grow on the thermal timescale
tth ∼ α
−1tdyn. (3.3)
In the Shakura-Sunyaev disc, the viscous stresses are assumed to scale with
the total pressure in the disc, Ptot, equal to the sum of the gas pressure, Pgas
and the radiation pressure, Prad. At sufficiently high accretion rates
1, the
outer parts of the disc, dominated by Pgas, are stable. If the accretion rate
gets low enough for the temperature to approach the ionization temperature
of hydrogen, ∼ 6500K, however, the disc is thermally and viscously unstable
to the hydrogen instability mechanism (e.g. FKR02), which can cause the
disc to be eaten away by accretion faster than the mass transfer rate into
the disc, and is a likely cause for the transient behaviour in the majority of
the observed black hole binaries (see e.g. DGK07).
1as well as for very low accretion rates corresponding to quiescent states of transients
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3.2 Thickened or slim discs
At high accretion rates, approaching LE (Section 2.1) the standard Shakura-
Sunyaev disc is also unstable due to the radiation pressure instability. The
inner regions of accretion discs around black holes are small enough for ra-
diation pressure to dominate over gas pressure at sufficiently high accretion
rates (FKR02). In this regime, a small increase in temperature causes a large
increase in pressure since Prad ∝ T
4 as opposed to Pgas ∝ T in the gas pres-
sure dominated regime. This in turn gives a large increase in heating since
the viscous stresses are assumed to be proportional to the total pressure. If
no corresponding increase in cooling is present there will be runaway heating
and the disc is disrupted. Abramowicz et al. (1988) showed that incorpo-
rating advection as an additional cooling mechanism in the high-accretion
rate solutions and allowing the disc to thicken so that H/R ∼ 1, the vis-
cous time scale becomes comparable to the thermal timescale so the disc has
time to adjust to the increased temperature and could then remain globally
stable. These types of accretion solutions are called ‘slim’ discs (as opposed
to thick torus-like earlier alternative solutions for discs at high accretion
rates) and form a branch of stable solutions for cases of supereddington
accretion rates. Instabilities are however still expected in the inner radia-
tion pressure dominated regime of the disc at accretion rates between those
low enough for a stable Shakura-Sunyaev disc solution (theoretically around
≤ 0.06LE) and the high-accretion rate advective branch. These should cause
a limit cycle behaviour alternating long-lived low-accretion rate states and
short-lived high-accretion rate states with rapid transitions between them
(FKR02) giving rise to a pulsing behaviour in the observed lightcurve.
Observations of stable disc spectra without signs of such instabilities up
to high fractions of LE (e.g. Gierlin´ski & Done 2004) suggest that the re-
lation between pressure and viscous stresses is not fully understood. Some
evidence of a limit-cycle behaviour possibly triggered by the radiation pres-
sure instability can be observed in GRS 1915+105 (Belloni et al. 2000;
DWG04) and is discussed in Section 6.7.
3.3 Hot quasi-spherical flows
Even in the case where a stable disc is present at outer radii, there are
reasons to believe that at lower accretion rates, although still high enough
to sustain an outer disc, the structure of the accretion flow in the inner
regions closest to the black hole looks very different from that of a geomet-
rically thin optically thick accretion disc. Observations point to another
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possible accretion solution for low accretion rates. If at low density the flow
becomes optically thin to electron-proton collisions so that energy transfer
by Coulomb interaction is inefficient, the result will be a two-temperature
plasma where electrons and protons do not thermalize. The ions gain most
of the energy in the accretion process and lose only very little of it to the
electrons. The ion temperature is very high leading to vertical thickening of
accretion flow which becomes geometrically thick and quasi-spherical rather
than confined to a disc plane.
In early models (Shapiro, Lightman & Eardly 1976), ion heating by
gravity is balanced only by ion cooling through Coulomb collisions with
electrons. Such a flow is thermally unstable since ion heating by gravity is
far more effective than cooling through Coulomb coupling between ions and
electrons. Later, it was realized that an additional cooling process could
be radial advection of the gravitational energy as the protons drift inwards
with the accretion flow. With the inclusion of advection, ion cooling be-
comes much more efficient and the flow can be stable (Narayan & Yi 1995).
These advection dominated hot flows or ADAFs are radiatively inefficient
(both in the case of very high and low accretion rates) and large parts of
the accreted energy is advected into the black hole rather than converted to
X-ray radiation. In addition, energy losses through a jet and strong outflows
may be of importance (Falcke, Ko¨rding & Markoff 2004). Magnetohydro-
dynamic simulations (e.g. Hawley & Balbus 2002) further show that it is
these geometrically thick flows, rather than the thin accretion discs, that
give rise to the formation of a jet, something that appears to be supported
by observations.
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4 Radiative processes and emission regions
4.1 Thermalized disc emission
The geometrically thin accretion disc is assumed to be optically thick at all
radii. Assuming that every annulus in the disc emits as a blackbody with
the characteristic temperature of its radius, the resulting spectrum will be a
multicolour disc spectrum i.e. a sum of the blackbody spectra from all radii
with the temperature of the disc surface depending on the radius as
T (r) =
(
3GMM˙
8piσr3
[
1−
(
rin
r
)1/2])1/4
(4.1)
where σ is the Stefan-Boltzmann constant. The total intensity of the disc
is proportional to the surface area at temperature T times the blackbody
intensity at that temperature. Thus
I(ν) ∝
∫ rmax
rin
2pirB[T (r), ν]dr (4.2)
where B(T, ν) is the Planck function Bν ∝ ν
3[exp(hν/kT ) − 1]−1 and it
can be shown that as a result the predicted spectrum of a thin, optically
thick accretion disc in the blackbody approximation should have the form
I(ν) ∝ ν1/3 for r  rin in the outer gas-pressure dominated regions of
the disc, I(ν) ∝ ν0 in the inner regions where electron scattering is the
main source of opacity and with an exponential cut-off corresponding to the
maximum blackbody temperature at the inner radius.
4.2 Comptonization in optically thin plasmas
In the hot (T ∼ 109 K) optically thin accretion flow described in Chapter 3.2,
radiation is in the form of Comptonization, bremsstrahlung and synchrotron
emission. In the presence of a strong photon field (so that energy density in
photons dominates that of magnetic field strength), the dominant process is
that of Comptonization, multiple inverse Compton scatterings of low energy
photons off hot electrons in the plasma. For electrons in a non-relativistic
Maxwellian distribution, ∆E/E = 4kT/mec
2. Even if the change of energy
is small for a single scattering in the thermal case, the energy gain after
multiple scatterings may be significant depending on the optical depth of
the electron plasma (which determines the number of scatterings) and the
total energy gain is given by the Compton y-parameter (or Kompaneets
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Figure 4.1: Comptonization i.e. multiple inverse Compton scatterings of low energy
photons off a thermal distribution of electrons. Note how a thermal distribution of
electrons can give rise to a power-law spectrum, here with Γ ≈ 2. (Figure courtesy
of A. A. Zdziarski.)
parameter) defined as
y ≡
4kT
mec2
max(τ, τ2) (4.3)
in the non-relativistic case. As long as multiple scatterings are important
the shape of the resulting photon spectrum is not dependent on the exact
form of the electron distribution. A thermal distribution of electrons can
thus easily give rise to a power-law spectrum, with the photon spectral index
Γ roughly given by (Rybicki & Lightman 1979)
Γ = −
1
2
+
√
9
4
+
4
y
(4.4)
in the non-relativistic case. In Fig.1, the Comptonized spectrum correspond-
ing to y ≈ 1 with the resulting Γ ≈ 2 (flat in νFν space) is shown.
4.3 Compton Reflection
If a hot plasma co-exists with a cooler medium such as for example an accre-
tion disc (T ∼ 106 K), part of the Comptonized emission that is intercepted
by the disc will be scattered off its surface and give rise to Compton reflec-
tion. The signatures of Compton reflection, an Fe Kα line, an Fe absorption
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edge and a pronounced hump in the spectrum at energies above 10 keV,
where the cross section for electron scattering starts to exceed that of ab-
sorption, seem to be required in fits of most spectra of both X-ray binaries
and AGN. The relative amplitude R of Compton reflection is usually ex-
pressed as the effective solid angle subtended by the reflector as seen from
the hot plasma, R = Ω/2pi (Magdziarz & Zdziarski 1995). The origin of the
reflected feature in the accretion disc is supported by observations showing
that it becomes more important with an increasing solid angle covered by
the disc as seen by the X-ray source (Gilfanov, Churazov & Revnivtsev 1999;
Zdziarski, Lubin´ski & Smith 1999).
In some cases, the central source can be entirely obscured and the ob-
served spectrum that of reflection alone. This is the case for the so-called
obscured AGN, active galaxies of type Seyfert-2 hidden behind a Compton
thick absorber (e.g. Matt et al. 1996). A Compton reflection dominated
spectrum has also recently been suggested to explain a low non-pulsating
state of the neutron star binary GX 1+4 by Rea et al. (2005). The proposed
geometry is a thickened quasi-toroidal, or perhaps warped disc, hiding the
central source from view but giving rise to strong reflection. In such a situa-
tion, R can largely exceed 2.0, (the maximum possible physical solid angle)
and is then rather a measure of how much more of the emission that is seen
only after reflection compared to what can be observed directly, than a mea-
sure of a physical solid angle. A Compton reflection dominated spectrum
was suggested in Paper IV and Paper VI as a possible interpretation of the
spectrum in the hard state of Cyg X-3 (see Section 6.5.2).
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Soft
Hard
Intermediate
Figure 5.1: A compilation of spectra of Cyg X-1 as observed by ASCA, Ginga,
OSSE, COMPTEL and RXTE . From Gierlin´ski et al. 1999. Reprinted with per-
mission.
5 Spectral states and transitions
The broadband X-ray spectra of Galactic black hole binaries show dramatic
variability on timescales of days to months and sometimes even much faster.
The variability can roughly be divided into two characteristic broadband
spectral shapes defining the so-called hard and soft states. The soft state
is dominated by emission below 10 keV and a tail with a steep slope, while
the hard state is instead dominated (in a plot with νF vs. ν showing the
spectral energy distribution) by output in hard X-rays at ∼ 100 keV. The
soft and hard states are for historical reasons sometimes referred to as ‘high’
and ‘low’ respectively, after the early X-ray missions that measured energies
only below 10 keV. Figure 5.1 shows the hard and soft spectral states of
Cyg X-1.
5.1 Soft state
The observed soft state spectra can indeed, at energies below 10 keV, be
well modelled with a blackbody spectrum emitted by an accretion disc as
described in Section 4.1. Observations show that typical inner radii are
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Figure 5.2: Proposed accretion geometry in the soft state (not to scale). Adapted
from Zdziarski et al. 2002a.
comparable with the innermost stable orbit around the black hole and tem-
peratures of the inner disc regions are of the order of 1 keV. Pure disc spectra
are however often accompanied by a more or less significant tail extending
sometimes to very high energies. The existence of such tails means that some
of the accreted energy must be dissipated in a region where the plasma is
optically thin and not in the thermalized disc. The shape of the tail can
be described as a power law of photon index ∼2 and can be well modelled
with non-thermal Comptonization of soft seed photons, where the spectral
index is determined more directly by the electron distribution than in the
case of thermal Comptonization as described in Section 4.2. The electron
acceleration process is not well understood but may be similar to that in
solar flares with the addition of some fine-tuning resulting in the constancy
of the spectral index as observed in many different sources (DGK07). A
likely geometry of the accretion flow in the soft state is thus a thin accre-
tion disc extending close to the innermost stable orbit, with flaring regions
above the disc, responsible for the non thermal emission (see Fig. 5.2). The
observed stability of the disc component suggests that the disc is stable with
a constant radius in the soft state while the hard tail is sometimes highly
variable.
5.2 Hard state
The spectra observed in the hard state do not look like disc spectra at all
but are instead dominated by a power-law component with a photon index
' 1.5 with an exponential cut-off at 50–100 keV. This type of spectrum
is very well modelled with thermal Comptonization in a photon-starved
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Figure 5.3: Proposed accretion geometry in the hard state (not to scale). Adapted
from Zdziarski et al. 2002a
plasma, as described in Section 4.2. The hard slope indicates that y 1 with
typical temperatures of the plasma of kTe ∼ 100 − 200 keV and optical
depth τ ∼ 1. Most observations of black hole binaries in the hard state
are consistent with the plasma being predominately thermal. There are,
however, some indications that the electron distribution may have some low
amplitude high energy non-thermal tail also in the hard state (e.g. in Cyg
X-1, McConnell et al. 2002 and Cyg X-3, Paper IV & VI). At low energies,
there are signs of a low-temperature low-amplitude disc component that is
assumed to provide the seed photons for Comptonization. The weak low
temperature disc component is consistent with a disc that is truncated at
some radius far away from the innermost stable orbit (typically ≥ 30Rg)
and replaced by an optically thin flow as described in Section 3.3 at smaller
radii. The likely geometry in the hard state is shown in Fig. 5.3.
Zdziarski et al. (2002a) found that the observed spectral variability in
the hard state of Cyg X-1 could be theoretically modelled by two effects. A
variable influx of soft seed photons from the disc results in a pivoting of the
spectrum as the slope adjusts to the changing ratio between heating of the
plasma electrons and cooling by the soft photons. Variability in normalisa-
tion results from changes in optical depth as a response to a change in the
local accretion rate. These two variability patterns and their connection to
the viscous timescale of the disc in Cyg X-1 were discussed in Paper V (see
section 6.8).
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5.3 Intermediate and very high states
In addition to the hard and soft spectral states, a variety of spectral shapes
including both a strong disc component and a strong tail are observed in
several sources (e.g. Cyg X-3, GRS 1915+105 and most of the transient
LMXBs). Sometimes these spectra are associated with transitions between
a hard and a soft state and are then called intermediate states. Very similar
spectra can however be observed at luminosities well exceeding the typical
transition luminosity and are then referred to as very high states. A likely
geometry in the intermediate state is a truncated disc partly penetrating
into the hot flow while in the very high state the geometry may be that of
a disc extending all the way into the last stable orbit, just like in the soft
state, but with a strong ‘corona’ or hot flow on top of the disc. A scheme for
how the variability in observed spectral shapes can be described by changes
in the geometry of the accretion flow as a response to a variable accretion
rate will be outlined in the next section.
5.4 Spectral evolution – the truncated disc model
The hard and soft spectral states and the transitions between them as ob-
served in the black hole binary sources can be rather naturally explained by
the existence of the two different types of stable accretion flows as described
in Chapter 3, with a hot, optically thin, geometrically thick flow at low
luminosities, and a cool, optically thick, geometrically thin disc at higher
luminosities. These very different accretion solutions can be put together
into the truncated disc/hot inner flow model which explains the observed
variability as the result of a change in the geometry of the accretion flow
as a response to a variable accretion rate. A hot inner flow co-existing
with a cooler outer accretion disc was proposed already in early works by
Thorne & Price (1975) and Shapiro, Lightman & Eardly (1976). The idea
was developed into a unified model explaining the sequence of hard through
intermediate and into the soft state as a function of increasing accretion rate
by Esin, McClintock & Narayan (1997). Due to the success of this model in
being able to explain the spectral variability in both black hole and neutron
star X-ray binaries, it is nowadays widely accepted. (For a recent review of
the model and its application to observational data see DGK07.)
At low L/LE, the inner accretion disc is replaced by an optically thin,
hot flow, as that described in Section 3.2. The change from a disc to a hot
flow probably takes place through evaporation (Meyer and Meyer-Hofmeister
1994; Rozanska and Czerny 2000; Mayer and Pringle 2007) at some radius
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depending on the global accretion rate. Since the disc is truncated far away
from the black hole, there is only a weak soft X-ray component present in
the spectrum and few photons available to illuminate the flow, so Comp-
ton cooling of the electrons is not very efficient and we get the hard state
spectra as described in Chapter 4.2. Hard states are typically observed at
luminosities of a few per cent of LE.
As the mass accretion rate increases, the flow becomes optically thick
and collapses into a Shakura-Sunyaev disc, described in Chapter 3.1. With
the re-appearance of the inner disc cooling by soft photons becomes efficient
and the spectrum changes into a disc like spectrum like the one described
in Section 4.1. The transition usually takes place at luminosities of ∼ 3 per
cent of LE and soft states can be observed at a wide range of luminosities
above this limit (see e.g. Done & Gierlin´ski 2003). The slim disc solutions
allow stable disc spectra up to high fractions of and even above LE. In the
case of strong flaring activity with a hot flow or corona forming on top of
the accretion disc in the soft state, strong Comptonization signatures can
be observed also at high accretion rates, as in the very high state.
An attempt at describing the spectral variability in Cyg X-3 within the
framework of the truncated disc model was presented in Paper IV and is
discussed in Section 6.5.
5.4.1 Hysteresis in X-ray transients
In many transient sources the spectral shape is, however, not always a sim-
ple function of luminosity. While the soft-to-hard transition is fairly stable
around ∼ 2 − 3 per cent of LE, the hard-to-soft transition can in fact take
place at a different, higher luminosity, in contradiction with a direct rela-
tionship between state and accretion rate. The behaviour is an example of
hysteresis. In some cases a luminosity as high as 30 per cent of LE has been
observed in the hard state before transition takes place to the soft. The tran-
sition luminosity can also vary significantly within the same source. This
seems to suggest that the hot and cold accretion solutions are both possible
for a wide range of luminosities, in contradiction to theoretical models of
ADAFs that limits the validity of the hot solution to values of a few percent
LE.
An explanation to this behaviour can be found in the transient behaviour
of the sources. At the beginning of an outburst in a transient source, the
vicinity of the black hole is virtually devoid of any material. If the local
accretion rate, and thereby the luminosity, increases fast, faster than the
viscous timescale on which the accretion flow is able to adapt and change
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structure from a hot flow to a cool disc, a hard state can still be observed
at high luminosities at the beginning of the outburst. The observed state is
thus a function of both accretion rate and previous conditions.
5.4.2 eqpair - a hybrid comptonization code
All spectral modelling presented in this thesis is performed using the Comp-
tonization code eqpair (Coppi 1992, 1999). The model assumes a physical
scenario where soft seed photons from an accretion disc are upscattered via
inverse Compton scattering by electrons in a hot plasma, located either in-
side the inner radius of or on top of an accretion disc. The accretion disc is
assumed to emit as a multicolour blackbody (diskbb, Mitsuda et al. 1984)
with the maximum temperature Ts as a free parameter.
The main fitting parameter in the model, i.e. the one that determines
the slope of the Comptonized spectrum, is the ratio between the luminosities
corresponding to the plasma heating rate, Lh, and to the irradiating seed
photons, Ls. These luminosities can be expressed in dimensionless form as
the hard and soft compactnesses, `h and `s, respectively, where compactness
is defined as ` ≡ LσT/(rmec
3), r is the characteristic size of the X-ray
emitting region, σT is the Thomson cross section and me the electron mass.
A value of `h/`s ≥ 1 describes a hard state, where plasma heating dominates
over cooling by soft seed photons, and `h/`s ≤1, a soft state, where the
luminosity in the irradiating seed photons dominates and cooling becomes
efficient. The value of the soft compactness, `s, is a fit parameter as well.
The plasma optical depth, τtot, includes a contribution from electrons
formed by ionization of the atoms in the plasma, τe, as well as a contribu-
tion from e±pairs, τtot − τe. The electron distribution, including the tem-
perature, Te, is calculated self-consistently from energy balance and can be
purely thermal or hybrid (thermal + nonthermal) if an acceleration process
is present. The acceleration rate is assumed to have a power-law shape with
index Γ for Lorentz factors between 1.3 and 1000. In the case of a hybrid
plasma `h = `th + `nth, i.e. the thermal heating plus the power supplied to
accelerated electrons. The importance of pairs depends both on the value
of the compactness and on the shape and strength of the injection spectrum
at high energies. In a case with both a high luminosity in seed photons and
a significant amount of high energy injection, creating a substantial number
of photons > 511 keV, the plasma is generally likely to be pair dominated.
The model is described in detail by Gierlinski et al. (1999). Compton
reflection is included (Magdziarz & Zdziarski 1995, cf pexrav or pexriv),
parametrized by a solid angle R = Ω/2pi. In an unobscured geometry R
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corresponds to the true solid angle of the reflector as seen by the primary
X-ray source. Compton reflection in addition gives rise to an Fe Kα line.
This line is not calculated self-consistently in eqpair and we model this line
as a gaussian in all papers.
The application of this model to the spectrum of Cyg X-3 is discussed
elaborately in Paper I, II, IV and VI. In paper III it was used to model the
spectrum of GRS 1915+105.
5.5 X-ray absorption
The observed X-ray spectra of Galactic X-ray binaries are affected by inter-
stellar absorption. This absorption is due to the presence of heavy elements
in the interstellar medium and typically removes most of the photons below
1 keV. The amount of absorbing material along the line of sight depends on
the distance to and location of the object in the Galaxy. The strength of
X-ray absorption is expressed as equivalent hydrogen column density, NH,
and typical Galactic values are 1021 − 1022 cm−2. With knowledge of the
column density in the direction of the source, as measured by other means,
the observed spectra can be corrected for interstellar absorption.
Some sources are in addition affected by strong local absorption for ex-
ample in the form of dense stellar winds. In the case of Cyg X-3 additional
local absorption strongly modifies the observed spectra up to ∼ 5 keV.
Understanding and correct modelling of this local absorption is of great im-
portance to the interpretation of the underlying intrinsic spectral shapes. In
all fits to the spectrum of Cyg X-3 presented in this thesis we use a two-fold
absorber (absnd in xspec) with one medium covering the entire source plus
one medium covering only a fraction of the source, as an approximation
to its complex absorption structure. The validity of this simplification is
discussed in Section 6.5.1 and in Paper VI.
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6 Results
The main part of the work presented in this thesis has been devoted to a
study of the enigmatic X-ray binary Cyg X-3, introduced in Section 1.4.
Despite it being discovered already 40 years ago and the fact that it has
been observed by all X-ray missions launched since then, it remains very
poorly understood. The masses of the components are uncertain and thus
the nature of the compact object is still unknown and an interpretation of its
intrinsic X-ray properties and spectral evolution has been missing from the
literature. The aim of my study has been to interpret the observed spectra
and to understand the underlying spectral variability and the true accretion
geometry. This investigation started in Paper I in 2003 and is continued in
Paper II and IV and finally concluded in Paper VI.
An important question regarding the spectral variability in Cyg X-3
has been whether it actually displays a state transition from a soft disc
dominated state to a hard state with disc truncation in the way outlined in
Chapter 5, or whether the observed spectral variability at energies < 10 keV
is caused by variable local absorption in the strong wind of the companion
Wolf-Rayet star. This was not well understood in the early attempts to
interpret its X-ray spectrum in Paper I & II. In Paper IV, this issue was
thoroughly investigated based on a study of the X-ray lightcurve, its orbital
modulation and the correlation between its X-ray and radio properties. In
the coming sections, the results from this investigation will be summarised.
6.1 The X-ray lightcurve and flux/hardness correlations in
Cyg X-3
Cyg X-3 has been monitored on a daily basis by the All Sky Monitor (ASM)
on board the Rossi X-ray Timing Explorer (RXTE). Figure 6.1, top panel,
shows the long-term lightcurve of Cyg X-3 as observed by the RXTE/ASM
in the 1.3–12 keV soft X-ray band. The lightcurve is highly variable and
shows periods of high and low flux levels. The lower panel shows the (5–
12)/(1.3–5) keV hardness, indicating the slope of the spectrum in the 1.3–12
keV range. The flux and hardness are strongly anticorrelated (Watanabe et
al. 1994). The soft X-ray flux is also anticorrelated with the hard X-ray
flux above 20 keV (e.g. McCollough et al. 1997, see also fig. 2 in Paper IV).
Periods of high, soft ASM flux correspond to the observed soft states and
periods of low flux and high hardness correspond to the apparent hard state
(see the observed, absorbed spectral shapes in fig. 1 in Paper IV and fig. 1
in Paper VI).
25
Figure 6.1: Top panel: The RXTE/ASM 1.3–12 keV daily count rate averages
between 1996–2006. A count rate of 75 counts s−1 corresponds to 1 Crab. Lower
panel: The (5–12)/(1.3–5) keV hardness.
In Paper IV the above-mentioned correlations are discussed in the con-
text of a possible state transition in Cyg X-3 and it is argued that their
existence shows that the spectral variability cannot be due to simple vari-
ability of absorption with an underlying intrinsic spectrum of constant shape
and strength. If the observed spectral variability were due to absorption ef-
fects only, the intrinsic spectrum and the accretion rate would have to be
higher in the hard state at the same time as the low energy emission is
more absorbed. Only such a combined effect could cause the simultaneous
increase of hard X-rays and decrease of soft X-rays. While such a scenario
is indeed possible, it is pointed out in Paper IV that the anticorrelations
of soft and hard X-ray flux and of soft X-ray flux and hardness are very
similar to those found in Cyg X-1 in its hard state (e.g. Zhang et al. 1997,
Wen et al. 1999). Zdziarski et al. 2002a showed that in Cyg X-1 these
anticorrelations are a natural result of a pivoting of the spectrum at ∼ 50
keV as it responds to changes in the accretion rate. In the same way, an
intrinsic spectral pivot somewhere between 12 and 20 keV would explain the
observed anticorrelations in Cyg X-3 without any variable absorption.
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6.2 Orbital modulation in Cyg X-3
The X-ray emission of Cyg X-3 shows a stable 4.8 h modulation, generally
interpreted as the orbital period of the binary system (Parsignault 1972).
Despite its classification as a HMXB, the binary period in Cyg X-3 is thus
extremely short, implying a very small orbital separation (∼ 5R). The
period has been found to increase on a timescale of 850 000 yr (Kitamoto
et al. 1995), with mass loss from a massive companion as the most favoured
explanation (Singh et al. 2002). The 4.8 hour modulation was first observed
in soft X-rays (Parsignault et al. 1972) where the pulse shape is quasi-
sinusoidal (Willingale, King & Pounds 1985) and asymmetric with a slow
rise and a faster decline. In hard X-rays (Matz et al. 1996), the modulation
is present with a comparable strength but with a more symmetric pulse
shape. Interestingly, the modulation is also present in infrared in phase
with (Mason, Cordova and White 1986) and with a similar pulse shape as
in hard X-rays (Matz et al. 1996). Despite early claims (eg. Molnar &
Mauche 1986), the period does not seem to be present at radio frequencies,
even if radio data folded on the orbital period may look deceivingly periodic
(Hjalmarsdotter 2003, Hjalmarsdotter et al. 2004b). Optical observations
of Cyg X-3 are inherently difficult because of the high reddening towards
its location close to the galactic plane. Early claims of a modulation at
optical wavelengths in phase with the infrared (and X-rays) by Wagner et
al. (1989) have not been confirmed by later observations, which even includes
an indication of an opposite phase dependence. (Hjalmarsdotter 2003).
In the work presented in this thesis, we have used the ASM (1.3–12
keV) and BATSE (20–230 keV) lightcurves to study the energy and state
dependence of the orbital modulation in X-rays. The long-term lightcurves
were folded using a routine which takes the derivative of the evolving period
into account. We used the quadratic ephemeris by Singh et al. 2002 that
we have found to be the most correct (in terms of not distorting the pulse
shape) when folding a long term lightcurve.
Figure 6.2 clearly shows the energy dependence of the pulse shape with
the rising phase becoming steeper with increasing energy. Similar plots
were shown in Paper I, comparing INTEGRAL data of different energies
with the folded ASM and BATSE lightcurves, and in Hjalmarsdotter 2003
and Hjalmarsdotter et al. 2004b (both ASM and BATSE data ≤ 100 keV).
The modulation has a strength of ∼ 60 per cent in the three ASM bands
(1.3–12, 3–5 and 5–12 keV) and of ∼ 50 per cent in the 20–50, 50–100
and 100–320 keV bands. The presence of the modulation at energies >100
keV points to scattering in an ionized wind as the cause of the modulation
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rather than absorption. The shallower shape at phases 0.2–0.5 in soft X-rays
is most likely an absorption effect (Hjalmarsdotter et al. 2004b), with the
distribution of the column of less ionized matter as a function of the orbital
angle being somewhat asymmetric.
In Paper IV we study the dependence of the shape and strength of the
orbital modulation on X-ray spectral state. As discussed there, if a dense
stellar wind serves as the cause of the modulation, any change in its optical
depth and/or distribution would be reflected in a change in the depth and/or
shape of the modulated light curve, since the wind distribution is centered
on the companion Wolf-Rayet star and thus asymmetric to the X-ray source.
If the apparent state transitions are merely an effect of variable absorption,
the implied strong variations in the absorbing medium are likely to affect
the orbital modulation in the soft X-ray band.
Contrary to what would have been expected if the hard state is just a
strongly absorbed version of the softer states, the modulation is found to
be stronger in the soft states than in the hard state (fig. 6, Paper IV). The
observed change in the depth of the modulation from 55 per cent in the hard
state to 65 per cent in the soft states points to an increase of the effective
wind optical depth τ by ∼ 0.2 in the soft states. This result was presented
in Paper IV as an argument against an interpretation of the hard state in
Cyg X-3 being an artefact of increased absorption, at least not by increased
stellar wind, which would require the wind to be Compton thick in the hard
state (Paper IV, section 3.3.1).
6.3 Bimodality and state transitions in Cyg X-1, Cyg X-3
and GRS 1915+105
In Paper IV, we also study the distributions of flux and hardness in the ASM
1.3–12 keV lightcurve, as well as that of the flux in the BATSE 20–100 keV
lightcurve, in Cyg X-3, Cyg X-1 and GRS 1915+105. The aim was to make
a comparison of the distributions of flux and hardness in Cyg X-3 to those
of other sources that do and to those that do not show state transitions into
a hard state, exemplified by Cyg X-1 and GRS 1915+105, respectively.
The resulting distributions are shown in fig. 5 in Paper IV. The distri-
bution of ASM flux in Cyg X-3 is also shown in Fig. 6.3. It is found that
the overall distribution of ASM flux (1.3–12 keV) in Cyg X-3 is bimodal
with the distribution inside each of the two peaks being well described by
a lognormal function. The bimodality in the distribution of soft X-ray flux
shows that the appearance and disappearance of the soft X-ray component,
associated with the accretion disc, between different spectral states is not
28
Figure 6.2: The RXTE/ASM and CGRO/BATSE lightcurves in different energy
bands folded on the evolving orbital period.
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Figure 6.3: The distribution of soft X-ray flux (1.2–12 keV) in Cyg X-3 as measured
by RXTE/ASM. The distribution is bimodal with each peak well described by a
lognormal function. Reprinted with permission from the publisher.
gradual which would have been expected if the spectral variability was just
an absorption effect. The two well defined intensity states are instead a
likely sign of a bimodal behaviour of the accretion flow, with a switch be-
tween a thin disc and a hot advective solution depending on accretion rate
as outlined in Chapter 5.
In Cyg X-1, no clear bimodality is present in either the BATSE or the
ASM flux, but is evident in the hardness where it reflects the well-known
bimodal distribution of spectral states (e.g. Zdziarski & Gierlin´ski 2004)
in this source, well explained in the framework of Chapter 5. As a com-
parison, no bimodality is found in the distribution of flux or hardness in
GRS 1915+105. In this source, the luminosity never falls below 0.3LE which
points to a constant high accretion rate that does not allow a transition to
an optically thin solution and a hard spectral state (DWG04). Its spectral
variability is limited to that of varying strength of the high energy tail, with
a strong disc component always present.
The bimodal flux distribution was presented in Paper IV as another
argument for a real state transition in Cyg X-3.
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6.4 Radio/X-ray correlations in Cyg X-3
As mentioned in Chapter 1, some X-ray binaries have collimated outflows or
jets that can be observed at radio frequencies. The observed radio behaviour
is linked to the X-ray spectral state, indicating a dependence of the formation
of radio jets on the accretion geometry. In recent years, a standard scheme
for radio/X-ray correlations in black hole X-ray binaries seems to have been
established. According to this scheme, steady radio emission, presumably
from a compact self absorbed jet, is present throughout the hard state, and
is then positively correlated with the soft X-ray flux. In the soft state, the
radio emission becomes strongly suppressed due to the disappearance of the
jet. A transient jet episode sometimes manifests itself as a radio flare in the
transition phase (e.g. Fender, Belloni & Gallo 2004 and references therein).
Correlations between radio and X-ray emission in Cyg X-3 have been
reported by several authors (e.g. Watanabe et al. 1994, McCollough et
al. 1997, Choudhury et al. 2002). The strong radio flares occurring at X-
ray flux levels corresponding to the soft states may at first seem to indicate
a different radio/X-ray relation in Cyg X-3 compared to the scheme above.
Apart from the strong flaring episodes, however, the overall correlation pat-
tern in Cyg X-3 is in fact similar to that of other black hole X-ray binaries
e.g. Cyg X-1 as noted by Gallo, Fender & Pooley (2003), with a similar
turnover in the correlation between the radio and soft X-ray emission.
In Paper IV it was shown that this turnover corresponds exactly to the
ASM flux level for the apparent transition between the hard state and the
range of soft X-ray states. The correlation between radio flux density at 15
GHz and soft X-ray flux at 1.3–12 keV is shown in Fig. 6.4a, corresponding
to fig. 7 in Paper IV. At low ASM flux levels, the radio emission is rather
stable with flux densities ranging from ∼ 50 − 300 mJy, and positively cor-
related with the ASM flux. At ASM flux levels above ∼ 13 s−1, the radio
behaviour is completely different, ranging from quenching at levels much
below 10 mJy, similar to that observed in other sources, to the giant radio
flares reaching above 10 Jy. The plot of the radio flux density against the
ASM hardness (5–12/1.3–5 keV) in Fig. 6.4b shows that in the soft states,
the radio behaviour is more dependent on spectral shape than on actual X-
ray flux levels. Quenching of the radio emission coincides with times of very
soft X-ray flux and the strong flares occur only when the X-ray spectrum is
harder (McCollough et al. 1997; for a recent discussion of the connection be-
tween radio and X-ray behaviour see also Szostek, Zdziarski & McCollough
2008).
Since the radio emission originates from jets far away from the compact
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Figure 6.4: a: The 15-GHz flux density as observed by the Ryle telescope plotted
against the ASM 1.3–12 keV count rate, from Paper IV, reprinted with permission
from the publisher. b: The radio flux density plotted against ASM 5–12/1.2–5 keV
hardness.
object and several orders of magnitude further out than the size of the
system, the change in radio behaviour at the transition between the apparent
hard and soft states can not be due to absorption. A likely conclusion,
presented in Paper IV, is that the hard state of Cyg X-3 indeed shares the
geometry of hard states as seen in other sources with a truncated disc and
a hot optically thin, geometrically thick inner flow responsible for the X-ray
emission. As a comparison, in GRS 1915+105 which does not enter a hard
state, the branch of stable radio emission seen in the hard state of Cyg X-3
and other sources is not present. Its radio behaviour is instead similar to
that of the soft states in Cyg X-3, with radio quenching in the softest states
and radio flares in states corresponding to the very high state.
The existence of a similar type of radio/X-ray correlation throughout
the hard state of Cyg X-3 to that seen in other sources in the hard state
was presented as the strongest argument for the existence of a real state
transition and a real hard state in Cyg X-3 in Paper IV.
6.5 Modelling of the Cyg X-3 spectrum
The absorbed spectral shapes of Cyg X-3 resemble those of other black hole
binaries (Szostek & Zdziarski 2004, see fig. 1 in Paper IV and fig. 1 in Paper
VI), with the exception of the hard state that peaks at much lower energies
than usual. To properly correct the observed spectra for absorption, detailed
knowledge of the complex structure of the absorption by the wind from the
companion Wolf-Rayet star is required. On the other hand, to obtain this
knowledge, some understanding of the underlying spectra is required. So the
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task of determining the true underlying spectral shapes suffers from serious
degeneracy. Especially the blackbody temperature and thereby the location
of the inner disc is strongly dependent on the assumed column density. As a
result, modelling of the Cyg X-3 spectrum is difficult and interpretations of
the intrinsic spectral shape non-unique. The understanding of the hard state
is crucially dependent on the assumption whether the observed spectrum is
strongly affected by absorption or not.
In the early attempts at modelling the Cyg X-3 spectrum in Papers I
and II, several simplifications were made and no real understanding of the
underlying intrinsic spectra could be achieved.
The results from Paper IV from the orbital modulation, flux distribu-
tions and X-ray flux/hardness as well as the radio/X-ray correlations, as
summarised in the previous sections, strongly prefer a ‘real’ state transition
rather than obscuration. Since this conclusion was not based on any spectral
modelling or made any a priori assumptions about the absorbing medium,
it could be used to break some of the degeneracy. In this context three
different models for the hard state of Cyg X-3 were evaluated in Paper IV.
Finally, in Paper VI, an interpretation of the full spectral variability
including unabsorbed spectral shapes and luminosities in all states displayed
by Cyg X-3 was presented. In the coming sections, the main results from
the spectral modelling, with emphasis on the results presented in Paper VI,
will be summarised.
6.5.1 Treatment of absorption
Another way to break the degeneracy is by trying to understand the effects
of wind absorption on the observed spectra. Absorption in Cyg X-3 is how-
ever a very complex matter. Studies with e.g. Chandra (Paerels et al. 2000)
have revealed a rich line complex with both absorption and emission features
at energies <10 keV. Szostek & Zdziarski (2008), hereafter SZ08, recently
studied the effect of the stellar wind on the spectra of Cyg X-3 using medium
resolution BeppoSax data and modelled the wind using the photoionization
code cloudy (Ferland et al. 1998). They found that the emission and ab-
sorption structure at low energies required a two-phase wind made up by a
hot tenous plasma together with cool dense clumps filling ∼ 1 per cent of
the wind volume. The low resolution of the RXTE and INTEGRAL data,
used in the work presented in this thesis, can not constrain the parameters
of such a detailed wind model. In Papers I, II, IV and VI, a phenomeno-
logical treatment of absorption in the form of a two-fold neutral absorber
was used (absnd in xspec), with one medium covering the entire source
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plus one medium covering only a fraction of the source (a similar model is
often used to model the similarly complex absorption in Seyfert II galaxies
e.g. NGC 4151, Zdziarski et al. 2002b). It was found in Paper VI, that
the complex structure of the wind could not be well approximated with
a more physical single-temperature and single-ionization model. It seems
from SZ08, however, that the phenomenological neutral two-fold absorber
actually gives a good approximation to their wind-model and is sufficiently
accurate to model the underlying intrinsic spectral shapes.
6.5.2 Compton reflection in Cyg X-3
The idea of reflection domination in Cyg X-3 was proposed in Paper IV
where it was noted that the shape of the spectrum in the hard state resembles
very much the spectrum resulting from Compton reflection. A Compton
reflection model, with R = 12 and most of the direct emission obscured from
our view, was indeed shown to give the best fit to the INTEGRAL data
presented there. Also SZ08 found that a reflected dominated model with
R ' 10, gave the best fit to the spectrum of Cyg X-3 in both a hard and an
ultrasoft state (similar to that discussed below) as observed by BeppoSAX .
A feature of these models is that they assume that most of the intrinsic
emission is hidden from view by the reflector and the corrections for the
unobscured luminosities get very high.
In SZ08, a major driver of the reflection domination interpretation was
the existence of a very strong absorption edge at E ' 7 keV that could not
be modelled by the ionized wind. A problem with their reflection model for
the soft state spectrum was that the high reflection amplitudes predicted a
strong flourescent iron line, which was not detected in the BeppoSAX data.
Nor has such a line been seen in e.g. Chandra data in the ultrasoft state
(M. McCollough, in prep.). An alternative explanation for the strong edge
is that there is indeed some additional neutral absorbing medium present in
the system.
In Paper VI, it was found that the best fit models to four of the five
observed states (all except the ultrasoft state) require strong reflection, ex-
ceeding R = 2.0 (for the assumed i = 60◦), the maximum solid angle in an
unobscured geometry. This implies that the direct emission from the inner
accretion flow is to some extent obscured from view, even if the lumniosity
corrections for these models are much smaller, indicating in an incident lu-
minosity of maximum 1.25 times that observed, as compared to a correction
factor >5 for the Compton reflection models in Paper IV and SZ08.
A possible geometry for the reflector in Cyg X-3 is a thickened or perhaps
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Figure 6.5: Spectral states and accretion geometries of Cygnus X-3. a: Spectral
energy distribution showing unabsorbed (solid lines) and absorbed (dashed lines)
spectral models from Paper VI. b: Proposed accretion geometries for the range of
spectral states including radio behaviour. The non-thermal electron contribution
is shown as blue stars.
warped disc. Such a geometry has to be symmetrical with respect to the
compact object, not to cause any significant spectral changes related to the
orbital phase, which are not observed.
6.5.3 Spectral states in Cyg X-3
Fig. 6.5a shows the best fit spectral models for the range of spectral states
in Cyg X-3 as observed by RXTE and presented in Paper VI. A summary
of the main characteristics of the interpretation of each state is given below.
We use the classification of the spectral states from Paper VI. Fig. 6.5b
shows the proposed accretion geometries in each spectral state, based on
the modelling in Paper VI. The cartoon figure shows the radius of the inner
disc and the relative size and importance of the hot (thermal) inner flow as
well as the non-thermal electron contribution and also the radio behaviour.
The hard state
The hard state of Cyg X-3 differs from the canonical hard state, as seen in
e.g. Cyg X-1, in that it peaks at much lower energies, ∼ 20 keV. Due to
the very strong similarity of the shape of the hard and soft state spectra at
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energies > 20 keV in Paper II, the hard state was there modelled as merely
a strongly absorbed version of an intrinsic soft state (with the poorly con-
strained blackbody temperature frozen to a value of 0.38 keV). Unabsorbed
spectral shapes were not discussed in this paper, but the model presented
predicts a very strong soft intrinsic spectrum.
The indications of the existence of a true state transition in Paper IV
suggest that the data should be possible to fit using instead a model de-
scribing a ‘real’ hard state, i.e. where the observed disappearance of the
soft component is due to a truncation of the inner disc and not just ab-
sorption of the soft X-rays. The low cut-off, however, implies an electron
temperature of the Comptonizing electrons below 10 keV, usually observed
only in soft states where strong cooling is provided by the massive influx of
soft seed photons from a strong blackbody component. Furthermore, it was
shown in Paper IV that any attempt to fit the data with thermal Comp-
tonization proved difficult since the high-energy slope does not match well
a cutoff due to the finite temperature of a Comptonizing electron distribu-
tion (similar to but not equal to an e-folded powerlaw). On the other hand,
Paper IV showed that the Cyg X-3 hard state could indeed be fitted with a
model with a high amplification factor (`h/`s=7; table 1, Paper IV) despite
the low cut-off energy, assuming the power to the electrons in the plasma
is provided entirely by acceleration (the ‘non-thermal model’ as presented
in Paper IV). This model, however, gave a worse fit to the INTEGRAL
data than an absorption model, somewhat similar to that used in Paper II,
presented for comparison. The best fit to the INTEGRAL data in Paper
IV was found for a model dominated by Compton reflection where most
of the direct emission was obscured from view. Both the wind absorption
and the Compton reflection model presented in Paper IV were, however,
ruled out there as a physical description of the hard state of Cyg X-3, as
both models required a very luminous soft incident spectrum, and absorp-
tion/obscuration effects hiding a strong black body component rather than
a real state transition.
In Paper VI, a very good fit to the RXTE data in the hard state, and
better than any of the earlier models, was finally found in a ‘moderate’
reflection model (R = 2.5) with an incident hard spectrum (`h/`s = 2).
The model implies that the characteristic shape of the hard state spectrum
around 20 keV is indeed due to strong Compton reflection. It does not how-
ever assume that the majority of the direct emission is obscured (only 25
per cent for i = 60◦) and does thus not imply a strong hidden luminous
incident spectrum as the reflection model in Paper IV. The best-fit black-
body temperature of 0.6 keV suggests that the disc is truncated at some
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radius far from the innermost stable orbit, but not as far away as in the
canonical hard state of e.g., Cyg X-1 (Gierlinski et al. 1997), or as suggested
by the non-thermal model in Paper IV. We note, however, that the exact
blackbody temperature is not well constrained by either the RXTE , INTE-
GRAL or BeppoSAX (SZ08) data. The high optical depth of τ = 4.8 and
the required 0.38 non-thermal fraction of the electron distribution indicate
that the physics of this accretion flow differs from that of a standard opti-
cally thin advective flow (where τ ∼1 and the electron temperature of order
50–100 keV). This may be a result of the turbulent environment with the
accretion flow enshrouded in the Wolf-Rayet wind as discussed in Paper IV
and VI.
The model to the RXTE data in Paper VI was found also to give a
good fit to the INTEGRAL data in Paper IV (which includes the hard state
observation presented in Paper II), and in a slightly softer version to the
BeppoSAX data of SZ08. The model is shown in Fig. 6.5a and discussed
in detail in Paper VI, section 4.1. Due to its compatibility with data from
INTEGRAL, RXTE as well as from BeppoSAX and the fact that it is in
agreement with the results from Paper IV in that it represents a ‘real’ hard
state, this model represent a plausible physical description of the intrinsic
spectrum of Cyg X-3 in its hard state and is the most consistent model
presented up to date.
The intermediate state
The best fit model to the Cyg X-3 intermediate state, presented in Paper VI,
is similar to the that of the hard state, with a similar blackbody temperature,
but softer with `h/`s = 0.96. The main difference in the observed spectral
shape is the somewhat lower amplitude of reflection than in the hard state.
A harder injection spectrum of the non-thermal electrons also gives more
power at energies above a few hundred keV. The model is shown in Fig. 6.5a
and described in detail in Paper VI, section 4.2.
The very high state
The very high state is the second most common spectral state in Cyg X-3
after the hard state, judging from both the RXTE/ASM lightcurve (high
flux and moderate hardness) and pointed observations by both RXTE and
INTEGRAL. In Paper I, three spectra belonging to this state observed by
RXTE were modelled and compared to the spectrum from a simultaneous,
and the first ever, observation of Cyg X-3 by INTEGRAL. Here, the spectra
in this state were interpreted as very soft with a blackbody temperature of
∼ 0.4 keV, `h/`s = 0.14 − 0.21 and very strong partial absorption column
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densities (Npar ∼ 3 × 10
24 cm−2), indicating a huge absorption correction
and very bright soft intrinsic spectra. In Paper II, an average spectrum
created by a co-addition of several INTEGRAL observations in the very
high state were modelled in a similar way with the blackbody temperature
frozen at 0.38 keV.
In Paper VI, the data averaged from 7 observations by RXTE in 1997
in the very high state, including the RXTE spectra in Paper I, were mod-
elled in a somewhat different way (using the same spectral model but with
different input parameters leading to a different minimum). Here, a better
fit, corresponding to the global best fit model, was found for a blackbody
temperature of ∼ 1 keV and `h/`s = 0.33, a much lower plasma electron
temperature of 5 keV and R = 2.3. The model is presented in Paper VI and
shown in Fig. 6.5a. In the interpretation of Paper VI, the very high state is
the most luminous state in Cyg X-3, calculated from the absorbed as well
as the absorption corrected bolometric X-ray flux.
The ultrasoft state
Judging from the ASM lightcurve (Fig. 6.1) the ultrasoft spectral state with
high ASM flux levels and very low hardness ratio is not very common in
Cyg X-3. Nevertheless, RXTE has observed an ultrasoft state in Cyg X-3
on several occasions, typically in connection with major radio flaring activ-
ity (with this spectral state coinciding with radio quenching right before a
major flare; McCollough et al. 1997). In Paper VI we model the spectrum
averaged from a total of 16 observations from 1997 and 2000. The model is
described in Paper VI, section 4.5. In our unabsorbed version, the spectrum
of Cyg X-3 is very similar to the ultrasoft spectra of e.g. GRS 1915+105,
XTE J1550-564 and GX 339-4. Interestingly, the spectral de-composition
(fig. 13b in Paper VI) shows that the Cyg X-3 spectrum in this state is
not really blackbody dominated, but dominated by the component arising
from thermal Comptonization of the strong blackbody by electrons of mod-
erate temperature. This is similar to the ultrasoft state in GRS 1915+105
in Zdziarski et al. (2005), (but not in the modelling in Paper III). Simple
modelling with a blackbody + power-law model of this state would thus lead
to an overestimation of the blackbody temperature. The best fit model is
consistent with zero reflection.
The soft nonthermal state
Cyg X-3 also displays a soft state with a moderate disc component and a
very strong nonthermal tail, requiring an almost 75 per cent nonthermal
distribution of the Comptonizing electrons. This state was observed on one
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occasion only, in 2000, right after a major radio flare connected to a transient
jet episode, which speaks for a connection between this spectral state and
the major radio flares (McCollough et al. 1997; see also Szostek et al.
2008). The spectral state is similar to that labelled ‘high state’ in Done &
Gierlin´ski 2004 (their fig. 1a), but the low energy part (< 6 keV) is harder
resulting in a different position of this state in a colour-colour diagram (see
Paper VI and discussion in the next section). The details of our best fit
model for this state are presented in Paper VI, section 4.4. Note that in the
appended version of Paper VI, this state is referred to as the ‘high’ state.
6.6 Spectral evolution in Cyg X-3
In Paper VI, the derived unabsorbed spectral shapes from all the individual
42 observations in the RXTE archive, making up the 5 groups of observed
spectral states, were used to calculate intrinsic X-ray ‘colours’ and study the
spectral evolution in a colour-colour diagram. To enable comparison with
other classes of X-ray binaries, black holes as well as neutron stars, we used
the same colours as Done & Gierlin´ski (2003, hereafter DG03). There, the
soft colour is defined as the ratio of the intrinsic fluxes in the 4–6.4 keV and
3–4 keV bands, and the hard colour as the ratio of the intrinsic fluxes in the
9.7–16 keV and 6.4–9.7 keV bands. In Fig. 6.6a, corresponding to fig. 8a
in Paper VI, the colour-colour diagram of Cyg X-3 is plotted together with
the data from DG03, DWG04, Gladstone, Done & Gierlin´ski (2007) and
DGK07.
It is shown that the track in the CC-diagram traced out by Cyg X-3 does
not resemble the characteristic Z-track of the atoll sources (the Z-like shape
is actually more pronounced in the atolls than in the Z-sources, DG03). It is
rather more similar to that of the black hole binaries, except that the high
value of the soft colour of Cyg X-3 in its soft states keeps it from entering
the lower left corner of the diagram, the area occupied only by black holes
and inaccessible to neutron stars as defined by DG03. Overall, the track
of Cyg X-3 in the colour-colour diagram is rather similar to that of GRO
J1655–40 (DG03, fig. 2), a black hole transient harbouring a 7M black hole
(Orosz & Bailyn 1997) and a strong radio source, just like GRS 1915+105
and Cyg X-3.
Since the mass of the compact object in Cyg X-3 is unknown, to study
the spectral evolution as a function of LE, we have to assume a probable
mass for the compact object. In Paper VI (fig. 8b), the evolution in a
colour-luminosity diagram is shown for three different assumptions for the
mass of the compact object and compared with the tracks shown by the
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neutron stars (atolls) and the other black hole sources. It is shown that the
fact that Cyg X-3 shows state transitions is incompatible with its compact
object being a neutron star since state transitions to the hard state are not
compatible with a constant high accretion rate. Assuming a typical black
hole mass of M = 10M, the luminosity span of Cyg X-3 corresponds to
∼ 0.06−0.2LE, comparable to some of the more luminous black hole systems.
The transition to the hard state would then have to take place at ∼ 0.1LE.
Such high transition luminosities are observed in transient systems where
hysteresis is present. Cyg X-3 is, however, a persistent source and does not
show any hysteresis. The transitions between the hard to soft and the soft
to hard state always take place at the same luminosity, indicating a direct
relationship between spectral state and accretion rate. For the transition to
take place at a luminosity corresponding to 0.03LE which is the case in e.g.
Cyg X-1 and LMC X-3 (DG03), both persistent systems like Cyg X-3, the
mass of the compact object in Cyg X-3 would have to be as high as 30M
(for L to equal 0.03LE in its intermediate state). With this assumption, the
luminosity span in Cyg X-3 corresponds to 0.02 − 0.07LE, comparable to
that of Cyg X-1. The track in the colour-luminosity diagram assuming a
black hole accretor of mass 30M is shown in Fig. 6.6b, corresponding to
fig. 9 in Paper VI.
6.6.1 The mass and nature of the compact object
The results in Paper VI thus favour a massive black hole accretor in Cyg X-
3. A value of M = 30M corresponds to the state transition taking place
at L = 0.03LE, in agreement with values observed in other sources and
consistent with our present theoretical models for advective flows.
A massive black hole is consistent with the results of Schmutz et al. (1996)
who derive a mass for the compact object of 7–40M for a range of Wolf-
Rayet masses from 5 to 20M and inclinations 30−90
◦, for the mass function
f(m) = 2.3M. Using the constraints from the lack of eclipses for the two
extreme binary models considered in SZ08, the inclination can be limited
to ≤ 60◦. Allowing a companion Wolf-Rayet mass between 5 − 50M, this
mass function then gives a mass for the compact object of 9 − 60M and
a black hole mass of 30M would imply a Wolf-Rayet companion mass of
M = 57M for i = 60
◦.
Hanson et al. (2000) on the other hand derive a mass function of 0.027M
and prefer a mass of the accretor of M ≤ 10M for an inclination i ≥ 50
◦
and a maximum Wolf-Rayet mass of M = 70M. Stark and Saia (2003)
derive an upper limit for the mass function of the accretor of 0.22M, which
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Figure 6.6: a: Colour-colour diagram of Cyg X-3. All 42 individual observations
are shown as black triangles overplotted on the data from the Galactic black holes
(cyan circles) and atolls (yellow filled circles) from DG03, Gladstone et al. (2007)
and Done et al. (2007), and GRS 1915+105 (red circles) from DWG04. b: Colour-
luminosity diagram of Cyg X-3 assuming a mass of its compact object of 30M
(black triangles) overplotted on the same data. About a factor of two in the spread
in luminosity is due to orbital modulation.
is not compatible with a black hole of M = 30M for any reasonable Wolf-
Rayet masses. For MWR = 50M and i = 60
◦, an accretor of 21M is
possible. The wide range of measured values of the mass function illustrates
the complexity of this enigmatic source. Alternate ways of determining the
mass and nature of the compact object may therefore prove important.
Interestingly, recent results from mass measurements of the only other
Wolf-Rayet X-ray binaries so far discovered, IC 10 X-1 (Prestwich et al. 2007,
Silverman & Filippenko 2008) and NGC 300 X-1 (Carpano et al. 2007a, b),
suggest that the compact object in both cases are black holes and in at least
one of them, IC 10 X-1, the most probable mass is 24–33 M.
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6.7 Limit cycle oscillations or variable injection in GRS 1915+105
The luminous black hole binary GRS 1915+105 is known to exhibit strong
X-ray variability on all timescales from milliseconds to months, sometimes
showing repeating patterns with different distinct shapes. Belloni et al.
(2000) categorized the variability into twelve classes, labelled with Greek
letters. Characteristic for some of the variability classes is that they rep-
resent oscillations between spectral states, occurring on a timescale much
shorter than that usually connected with state transitions in other sources.
This type of dramatic variability patterns is only observed in GRS 1915+105.
Since this source is also the only known source that spends significant time
at luminosities above LE (see e.g. DWG04) it has been suggested that the
variability is a sign of the radiation pressure instability, as described in Sec-
tion 3.2 (FKR02, DGK07).
In Paper III, we report on the discovery of a new type of variability, not
resembling any of the previously classified patterns. This new variability
pattern, that we named ξ, is characterised by a pulsing behaviour consist-
ing of a main pulse and a shorter, smaller amplitude precursor pulse. The
timescale between individual pulses is ∼ 5 minutes. From a study of the
individual pulse profiles, we find that the rising phase is shorter and harder
than the declining phase, opposite to what has been observed in otherwise
similar variability classes. There is no simple correlation between flux and
hardness during the pulses, but rather some kind of limit cycle/hysteresis
behaviour. To investigate this behaviour more closely, we followed the loop-
like path traced out by the pulses in a colour-colour diagram (see fig. 6 in
Paper III), where it is shown that the variability in the colours is small dur-
ing the pulses. Tracking the fast spectral variability with a simple model
(disc blackbody + power law) also showed no sign of any correlation between
the temperature or inner disc radius with the flux. These results both in-
dicate that our new variability class does not represent oscillations between
different spectral states. This is confirmed by detailed spectral modelling,
again using the Comptonization code eqpair as described in Section 5.4.2.
For the detailed spectral modelling we used the co-added spectra, extracted
from the high and low flux parts of the INTEGRAL lightcurve, correspond-
ing to pulse maxima and minima separately. The results confirm that the
spectral shape remains rather constant throughout the pulses with the spec-
trum below 6 keV in both pulse maxima and minima dominated by a strong
unscattered blackbody of temperature ∼ 1keV (shown in Fig. 6.7 identical
to fig. 10 in Paper III). At higher energies, Comptonized emission including
a significant contribution from nonthermal electrons dominates. The main
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difference between the spectra of pulse maxima and minima is in the ob-
served flux. The blackbody temperature does not seem to vary, indicating
a stable inner disc radius. We see, however, that there is a significant soft-
ening of the Comptonized part during pulse minima. This is reflected in
the ratio `h/`s, or equivalently Lh/Ls, between the power supplied to the
electrons in the plasma to that in soft disc blackbody photons irradiating
the plasma, becoming significantly smaller. Our fits do not require an ad-
ditional component of soft photons not irradiating the plasma and thus Ls
corresponds to the luminosity in the entire disc blackbody emission, which
also dominates the bolometric flux for these soft spectral shapes. As implied
by the value of the bolometric flux, the value of Ls decreases by a factor
' 2 during minima. Given the simultaneous decrease of Lh/Ls by a factor
of ' 2, we find that Lh decreases by a factor of ∼ 4. Conversely, there is
an increase in the relative amount of power supplied to the electrons in the
plasma during pulse maxima by a factor of ∼ 2.
In Paper III the variability was attributed to some sort of limit-cycle os-
cillations, possibly due to delayed feedback in the accretion disc. A possible
explanation for the simultaneous rise in photon flux and spectral hardening
is an increase in the size of the emission region producing the Comptonized
hard X-rays. The behaviour is however not likely to represent limit cycle
behaviour due to the radiation instability. This type of instability would dis-
rupt the disc in the inner radiation pressure dominated parts which would be
observed as violent spectral variability where the disc component would vary
significantly in flux as well as in temperature and inferred inner radius, in a
way that is observed in some of the other variability classes. An alternative
is that the pulses are flares in the accretion disc arising from instabilities in
the accretion rate. If flares in the disc also cause increased flaring activity
in the optically thin region above the disc, by e.g. a variable non-thermal
injection rate, this could also give the spectral hardening observed. The fact
that the pulses have a sharp rise and a slower decay point to them being
better represented with disc flares than with the slow building up and rapid
decay of the inner accretion disc.
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Figure 6.1: Spectra of GRS 1915+105. Spectral components of the fits to the pulse
maxima (upper panel) and minima (lower panel) of the new variability class; The
unscattered blackbody (dotted line), Compton scattering from thermal (red long
dashes) and non-thermal (blue long dashes) electrons, including a e±annihilation
feature at around 511 keV, and Compton reflection including the Fe Kα line (green
short dashes). From Paper III, re-printed with permission from the Publisher.
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6.8 Mini-hysteresis in Cyg X-1
An independent way of studying the geometry of the accretion flow onto
compact objects is to study the timing or variability properties of the X-ray
emission. The distribution of power of variability on different timescales
or frequencies is often studied using the power density spectrum, PDS. In
most black holes the PDS takes the shape of a powerlaw at low frequencies.
At frequencies around a few Hz there are often broad features appearing as
‘bumps’ in the hard state, whereas the soft state PDS is well described by
a single powerlaw with a cut-off at the highest frequencies. The hard state
features are alternately interpreted as quasi periodic oscillations (QPOs)
or breaks (For a review, see van der Klis 2004). Most models connect the
characteristic frequencies of such features with certain radii in the accretion
flow. Correlations between these frequencies and spectral index or hardness
indicate changes of the characteristic radii coupled to state transitions in
a way predicted by the truncated disc model as outlined in Section 5.4
(DGK07).
The PDS of Cyg X-1 was systematically studied by Axelsson et al.
(2005). They found that the full evolution of the PDS from hard to soft
state could be well described using a model with a power law disc component
and two QPOs, modelled as Lorentzians. They interpreted the characteris-
tic frequencies of the QPOs in the framework of the relativistic precession
model (Stella, Vietri & Morsink 1999), tying the frequencies of the QPOs
to the transition radius between the disc and the hot inner flow, and could
thereby track this radius throughout the state transition, determining it to
> 30Rg in the hard state and < 12Rg in the soft state.
In some of the observations analysed by Axelsson et al. (2005), corre-
sponding to the lowest flux and highest hardness levels, it was found that
the frequencies shifted so low that a third component, previously observed
at higher frequencies (Nowak 2000), entered the studied frequency window
(0.01–25 Hz). The inner disc radius for these observations was calculated to
> 50Rg. While this third frequency does not have any immediate interpre-
tation in the relativistic precession model, it is shown in Paper V to scale
as the square root of the Keplerian frequency. Associating the source of the
QPOs with the inner disc radius, a calculation of the Keplerian frequency
provides a natural explanation of why there are no observed kHz QPOs in
Cyg X-1, as this would be far above the Keplerian frequency at the inner
disc radius.
An interesting feature of these extreme low hard observations - the hard
edge of Cyg X-1 - was found in Paper V when studying their hardness-flux
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correlation. Within an observation (∼ 30 min) the hardness-flux correlation,
usually observed to be negative in the hard state (Zhang et al. 1997; Wen et
al. 1999), disappears as the inner disc radius reaches values of ≥ 50Rg. On
longer timescales, between the observations (hours-days), the normal nega-
tive correlation is recovered. In Paper V we suggest a possible interpretation
of this behaviour by connecting the changes responsible for the hardness-flux
correlation with the viscous time-scale at the disc truncation radius. The
viscous time-scale in a standard Shakura-Sunyaev disc is given in equation
3.1. If the dynamical timescale is assumed to be the Keplerian timescale at
the inner disc radius, the viscous timescale at the inner radius can be esti-
mated. We argue in Paper V that when the disc is this far away, ≥ 50Rg,
there is not enough time for the inner disc radius to adjust to a changing
accretion rate within the time for a single RXTE observation. The result is
that the spectral pivoting pattern responsible for the normal hardness-flux
anticorrelation in the hard state (Zdziarski et al. 2002a) is not observed.
The effect can be compared to the hysteresis observed in X-ray transients
(Section 5.4.1). In Cyg X-1, which is a persistent system where the accre-
tion disc is always present, the transition between the hard and soft state
takes place at the same luminosity and no large scale hysteresis effects are
observed. The effect seen in the hard edge where we can observe changes in
the luminosity/local accretion rate that are followed by a delayed change in
the inner disc radius can however be seen as a case of ‘mini-hysteresis’.
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7 Conclusions and future prospects
The main result presented in this thesis is the interpretation of the intrinsic
spectral variability in the enigmatic source Cyg X-3. In Paper I the first
attempt at modelling the broad band X-ray spectrum of this source with a
physical model was presented. In Paper II, the two most common spectral
states as observed by INTEGRAL were modelled. Unabsorbed spectral
shapes were however not discussed in these early publications and it was
not clear whether the observed difference in spectral shape of the two states
as observed by INTEGRAL were really due to intrinsic spectral variability or
if it was just an effect of strong and variable absorption. The issue whether
real state transitions occur in Cyg X-3, or whether they are just absorption
effects, was investigated thoroughly in Paper IV, where all results indicated
that the observed state transitions indeed are ‘real’ and caused by a change
in the physics and geometry of the accretion flow between a thin disc at high
accretion rate and an optically thin flow, albeit with unusually low electron
temperature and large non-thermal fraction of the Comptonizing electrons,
at lower accretion rates. In Paper VI, finally, all spectral states as observed
by RXTE were modelled and from the intrinsic shapes and luminosities,
the spectral evolution of Cyg X-3 was studied. The results show that the
spectral evolution as a function of Eddington rate is incompatible with the
compact object in this source being a neutron star and point to a high mass
(∼ 30M) black hole as the accretor.
An independent diagnostic of the geometry of the accretion flow can
be obtained by studying the timing, or variability properties of the source.
This work is currently in progress but has not yet yielded any immediate
simple results either supporting or questioning the existence of state tran-
sitions involving a variable radius of the accretion disc. The presence of
strong Compton reflection is indicated in most spectral states of Cyg X-3.
A detection of strong polarization in hard X-rays by a future polarization
instrument like the PoGoLite (Kamae et al, in prep.) would support this
interpretation.
The search for signs of a limit cycle behaviour or other types of insta-
bilities in the accretion flow in the highly luminous source GRS 1915+105
is important for the development of our understanding of disc stability at
high accretion rates. Even if the new variability pattern discovered in Paper
III may rather be a sign of variable non-thermal injection, causing flares on
top of an otherwise rather stable accretion disc, something similar to the
behaviour predicted by the radiation pressure instability has been observed
in other variability classes of this object, and will be further studied in the
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future.
The changing hardness-flux correlation discovered in the extreme hard
state of Cyg X-1 was here interpreted as a case of mini-hysteresis. This in-
terpretation is interesting since it gives some limits on the viscous time scale
for small scale fluctuations in the disc. Spectral data from an instrument
covering low energies, down to ∼ 100 eV, in such an extreme hard state
would be useful for investigating the effect in more detail.
In general, studies including both spectra and timing, as well as radio
properties, all evaluated together, in sources like the ones investigated here,
will result in interesting further constrains on the accretion geometries as-
sociated with different spectral states.
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8 Summary of the original publications
8.1 Paper I - ‘First INTEGRAL observations of Cygnus X-3’
The paper presents the first INTEGRAL results on Cyg X-3 from the perfor-
mance verification (PV) phase observations of the Cygnus region where the
source was clearly detected by JEM-X, ISGRI and SPI. The INTEGRAL
observations were supported by simultaneous pointed RXTE observations.
The INTEGRAL lightcurves folded over the 4.8 hour binary period were
found to be compatible with the mean RXTE/ASM and CGRO/BATSE
light curves at comparable energies. The broad-band X/γ-ray spectra as
measured by INTEGRAL as well as those from the simultaneous RXTE ob-
servations were modelled using the hybrid Comptonization model described
in Section 5.4.2, resulting in the first such published model for Cyg X-3.
The INTEGRAL data were reduced by A. Paizis (JEM-X, IBIS/ISGRI)
and V. Beckmann (SPI). The RXTE data were reduced by M. McCollough.
The lightcurve analysis and folding were performed by the author of this
thesis using a program developed especially for the evolving period of Cyg X-
3 by P. Hakala. Spectral modelling was performed by A. A. Zdziarski. The
author of this thesis wrote the paper, except for Section 2 about the data
reductions, written by A. Paizis and V. Beckmann and most of section 5,
that was written by A. A. Zdziarski.
8.2 Paper II - ‘INTEGRAL observations of Cygnus X-3’
In this paper, data from all three X/γ-ray instruments on board INTE-
GRAL, JEM-X, IBIS/ISGRI and SPI, were collected from available public
and Galactic Plane Scan observations between December 2002 and Decem-
ber 2003, a total of 16 revolutions. The data were summed together into
two broad-band spectra, corresponding to observations during high and low
levels of the soft X-ray flux, as measured by RXTE/ASM. The two spectra
were fitted with the hybrid Comptonization code eqpair (Section 5.4.2),
with similar results as in Paper I for the high/soft state. The low/hard
state was modelled similarly to the soft state but with stronger absorption.
The INTEGRAL data were reduced by A. Paizis (JEM-X & IBIS/ISGRI)
and V. Beckmann (SPI) according to a selection of observations by the
author of this thesis. Spectral modelling was performed by the author of
this thesis together with A. A. Zdziarski. The author of this thesis wrote
the paper, with exception for parts of sections 2.1, 2.2 and 2.3, written by
A. Paizis and V. Beckmann and with participation of A. A. Zdziarski in
section 3.
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8.3 Paper III - ‘Characterizing a new class of variability in
GRS 1915+105 with simultaneous INTEGRAL/RXTE ob-
servations’
This paper reports on INTEGRAL observations of GRS 1915+105 during
a period where the source was found to exhibit a new type of variability,
characterised by a pulsing behaviour. The individual pulse profiles were
studied using simultaneous RXTE data. The position of the source in a
colour-colour diagram traced out through the observation was followed and
was found to exhibit a type of hysteresis or limit-cycle behaviour. Detailed
spectral modelling of the INTEGRAL data was performed, in the maximum
and minimum of the pulses, separately.
The INTEGRAL data were reduced by D. Hannikainen. The RXTE
data were reduced by J. Rodriguez. The pulse shape and hysteresis plots
were made by D. Hannikainen and O. Vilhu. The fast spectral modelling
of the RXTE data was performed by J. Rodriguez. The detailed spectral
modelling in section 5 was performed by the author of this thesis. The
author wrote section 5.1, and section 5.2 with some participation by A. A.
Zdziarski, and participated in writing large parts of the remaining sections
of the paper, especially section 6. The author of this thesis got the honour
of naming the new variability class.
8.4 Paper IV - ‘The nature of the hard state of Cygnus X-3’
The hard state of Cygnus X-3 was studied with the intention of deciding
whether it represents an intrinsic hard state, with truncation of the inner
disc, or whether it is just a result of increased local absorption. We studied
the X-ray light curves from RXTE/ASM and CGRO/BATSE in terms of
distributions and correlations of flux and hardness and found several signs
of a bimodal behaviour of the accretion flow that are not likely to be the
result of increased absorption in a surrounding medium. Using INTEGRAL
observations, we modelled the broad-band spectrum of Cyg X-3 in its ap-
parent hard state. We found that it can be described by both an absorption
model and by a model of a hard state with a truncated disc, despite the
low cut-off energy, provided the accreted power is supplied to the electrons
in the inner flow in the form of acceleration rather than thermal heating.
This results in a hybrid electron distribution and a spectrum with a signifi-
cant contribution from non-thermal Comptonization, usually observed only
in soft states. The best fit to the data was found for a model dominated
by strong Compton reflection, implying that most of the direct X-ray flux
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is obscured.
Reduction of the INTEGRAL data was performed by S. Larsson (JEM-
X), A. Paizis (IBIS/ISGRI) and V. Beckmann (SPI). All spectral modelling
and light curve analysis were performed by the author of this thesis. The
lightcurves were folded by the author using a program developed especially
for the evolving period of Cyg X-3 by P. Hakala. The radio observations
were kindly provided by G. Pooley. The author of this thesis wrote the
paper, all sections, with the exception of parts of the text about the data
reductions in section 3.1.
8.5 Paper V - ‘The hard edge of Cygnus X-1: signs of the
disc moving out’
This paper is a spin-off from the papers about timing in Cygnus X-1 by M.
Axelsson, L. Borgonovo and S. Larsson (2005, 2006). In some of the RXTE
observations analysed in those papers, taken during periods of very low flux,
the power spectrum and the hardness-flux correlation show significant devi-
ations from the normal hard state of the source. In Paper V, we calculated
the radius of the inner disc for these ‘hard edge’ observations to be about 50
Rg. We found that the third frequency appearing in the frequency window
in these observations scales as the square root of the Keplerian frequency.
Within the single observations, the hardness-flux correlation was very weak,
contrary to the negative correlation normally observed in the hard state.
Between subsequent observations, the hardness flux correlation was still ob-
served. We suggested that this could be interpreted as there being not
enough time for the inner disc radius to adjust to a changing accretion rate
within the time of a single RXTE observation. We estimated the viscous
time scale responsible for the short term variability in the system.
The analysis of the power spectrum and calculations of inner radii cor-
responding to the observed frequencies were performed by M. Axelsson.
The author of this thesis provided the interpretation of the changing flux-
hardness and its connection to the viscous time scale. The author wrote
section 4.2 and participated in writing all other sections except section 2.
8.6 Paper VI - ‘Spectral variability in Cygnus X-3’
In this paper, we modelled the broad-band X-ray spectrum in all states of
Cyg X-3 as observed by RXTE . From our models, we derived unabsorbed
spectral shapes and luminosities. We studied the spectral evolution in a
colour-colour and colour-luminosity diagram and compared with other black
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hole as well as neutron star sources. We discussed Cyg X-3 in context of the
framework presented in Chapter 5 and the implications of our results for
the nature of its compact object. Our results point to a massive black hole
of ∼ 30M as the most likely candidate for the compact object in Cyg X-3.
The RXTE data were reduced and divided into 5 groups by A. Szostek.
All spectral modelling was performed by the author of this thesis, who also
wrote the paper, all sections.
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